Introduction
Epidermal growth factor receptor (EGFR) mutations have been reported in ~50% of patients with lung adenocarcinomas. Clinical studies have demonstrated that nonsmall-cell lung cancer (NSCLC) patients with EGFR gene mutations may benefit from EGFR-tyrosine kinase inhibitors (EGFR-TKIs). 1 Tissue biopsy is not only invasive but also limited in capturing spatial and temporal heterogeneity associated with tumors. Circulating tumor DNA (ctDNA) multiplex genotyping provides an alternative that can identify the heterogeneity across lesions. We report here a rare case of lung adenocarcinoma harboring EGFR mutation, which was followed by the exploration of the resistance mechanisms via next-generation sequencing (NGS).
Case report
In August 2014, a 40-year-old female, never-smoker, presented to our institution with left shoulder pain. The patient provided written informed consent for the publication of her case details. Computed tomography (CT) revealed a primary mass lesion in the left lower lobe, multiple bilateral pulmonary nodules, and enlargement of mediastinal lymph nodes. Her head magnetic resonance imaging scan revealed several small metastatic nodules, the biggest in cerebellum. The isotope bone scans revealed many metastatic mass lesions in the spine, scapula, rib, nasal, and hip bone. A left supraclavicular lymph node surgical biopsy was conducted (size 1.5×1.5 cm), and the pathological diagnosis was adenocarcinoma (cT4N3M1ab according to the 7th AJCC/UICC tumor staging system) ( Figure 1A) , with EGFR exon 19 submit your manuscript | www.dovepress.com
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Xu et al deletion proven using amplication-refractory mutation system assay ( Figure 1B ) and ALK showing up as positive using Ventana immunohistochemistry (IHC) ( Figure 1C ). The metastatic lesions in the brain and bones are shown in Figure 1D and E. The main target lesion in the left lung prior to the treatment is shown in Figure 1F . The patient was administered gefitinib as first-line treatment at 250 mg qd in August 2014. Evaluation performed at 1 month revealed partial response across all lesions, with minimal disease burden at 7 months ( Figure 1G ). However, CT scan showed progression of the lung lesions after 8 months, because of several new lesions in both lungs ( Figure 1H ). Notes: adenocarcinoma (A, hematoxylin & eosin stain, magnification, ×200) harboring EGFR 19 exon deletion (B, arMs). strong expression of aLK protein with the monoclonal aLK antibody (C, clone D5F3, IHC, magnification, ×200). Head MrI (D) and isotope bone scans (E) revealed metastatic mass lesions in the brain and bones. The first and third panels in E show images captured from the front, and the second and fourth panels show images captured from back. The first and second images were taken at a different time than the third and fourth images. CT scans of the thorax prior to and following treatment with gefitinib: (F) prior to treatment, (G) 7 months, and (H) 8 months after treatment with gefitinib. The red arrows indicate the tumor lesions. Rn is the ratio of the fluorescence emission intensity of target reporter genes to that of the standard dyes. ∆rn=Rn-baseline. All image scans were captured in the Affiliated Cancer Hospital of Xiangya School of Medicine. Abbreviations: arMs, amplication-refractory mutation system assay; CT, computed tomography; eGFr, epidermal growth factor receptor; IHC, immunohistochemistry; MrI, magnetic resonance imaging; rn, normalized reporter. Ventana IHC has been approved by the China Food and Drug Administration in identifying patients who are eligible for treatment with crizotinib. Based on ALK overexpression assessed using Ventana IHC, the patient was switched to a combinatorial treatment consisting of gefitinib and crizotinib, an ALK inhibitor, in May 2015. The patient was still kept on gefitinib given that the main target lesions were still in control, indicating their lasting response to gefitinib. During the treatment, the patient showed no major adverse events; however, CT scan still showed slow progression (Figure 2A and B). The patient remained on the combinatorial treatment for 10 months; in April 2016, the patient suffered left shoulder pain again and it was accompanied with shortness of breath. CT showed rapid progression, with several new lesions in both lungs. Repeat biopsy of the metastatic lymph node in R4 mediastinum coupled with NGS was performed to evaluate associated resistance mechanisms.
NGS results showed EGFR exon 19 deletion (allele frequency [AF] 36.2%, Figure 2C ) with PIK3CA/Akt/mammalian target of rapamycin (mTOR) pathway amplifications (PIK3CA, Akt1, mTOR copy number of 3.46, 3.51, 3.09, respectively) and mTOR mutation (AF 68.4%, Figure 2D ). NGS did not reveal ALK fusion. Due to the presence of ALK overexpression at initial diagnosis, we assessed ALK status using Ventana IHC ( Figure 3A ) and fluorescence in situ hybridization (FISH) ( Figure 3B ), both of which were negative. We could not identify whether the PIK3CA/Akt1/mTOR pathway amplifications or mTOR mutation was the cause of resistance, so we selected the original biopsy specimen for NGS (the supraclavicular lymph node biopsy specimen in August 2014, when NGS was not popular). NGS showed that the tissue biopsy obtained at initial diagnosis only harbored EGFR mutation in exon 19 deletion (AF 34%, Figure 3C ), and ALK FISH also showed no signal ( Figure 3D ).
Based on NGS and subsequent FISH results, the overexpression detected using Ventana IHC at initial diagnosis was most likely to be a false positive. Therefore, chemotherapy consisting of pemetrexed and cisplatin was administered in May 2016. After 2 cycles, CT showed that the disease had progressed to liver and both lungs ( Figure 4A ). The patient was reluctant to undergo second-line chemotherapy. The patient was switched to everolimus, an mTOR inhibitor, in combination with gefitinib based on previous molecular testing results. Evaluation was performed after 1.5 months of treatment with everolimus, and CT showed stable disease ( Figure 4B ). Due to the advancements in liquid biopsy and the inability to obtain another tissue biopsy, we performed liquid biopsy coupled with capture-based targeted ultradeep sequencing. ctDNA analysis showed EGFR 19 exon deletion (allele frequency 17.8%, Figure 4C ) and EGFR20 T790M mutation (allele frequency 7.88%, Figure 4D ). The patient was administered AZD 9291 at a dose of 80 mg/d and achieved partial response with significant reduction in the bilateral pulmonary and liver nodules after 1.4 months ( Figure 4E ) accompanied with the amelioration of left shoulder pain. Unfortunately, the patient experienced severe shortness of breath with a performance status of 3 after treatment with AZD9291 for 1.9 months. A CT scan showed dramatic bulky lung disease ( Figure 4F ), and the patient passed away on September 30, 2016; the time to progression or death from the initial administration of AZD9291 for the patient was 1.9 months. Overall survival was .24 months.
Discussion
Acquired resistance to EGFR inhibitors inevitably occurs in patients who initially respond to therapy, and they have a median progression-free survival of about 10 months. 2 In the reported patient, after the treatment with gefitinib for 8 months, the primary lung lesion showed gradual progression. NGS plays an important role in detecting genetic status and identifying the heterogeneity of resistance mechanisms, which allows simultaneous upfront detection of clinically relevant point mutations, amplifications, deletions, and gene fusions in a one-stop technique which is highly efficient and tissue sparing.
3,4 NGS detected the PIK3CA/Akt1/mTOR pathway and T790M mutation resistance mechanisms in the patient.
Activating mutations in EGFR result in activation of multiple downstream signal transduction pathways such as phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR pathway. PIK3CA encodes the p110α isoform of the catalytic subunit of PI3K. Activated PI3K phosphorylates Akt and leads to downstream activation of mTOR. 5, 6 PI3K/Akt/mTOR pathway which has been implicated in lung tumorigenesis, with mutations, amplifications, and epigenetic alterations reported at various points in the cascade and dysregulation of the pathway contributes to lung cancer progression and resistance to therapies that target EGFR-TKIs. 7, 8 In the current case, rebiopsy of the lymph node at progressive disease after the commencement of gefitinib in combination with crizotinib revealed PI3K/Akt/mTOR amplifications and mutations, including the PIK3CA, Akt1, and mTOR amplification and mTOR mutation. The acquired development of resistance to EGFR-TKI through the copy number gains of PIK3CA/Akt/mTOR can serve as a potential resistance mechanism, but such mutations were not present prior to treatment. The patient's condition was stable after the treatment with everolimus, revealing its effectiveness.
Liquid biopsy performed during the treatment with everolimus and gefitinib revealed EGFR T790M, one of the major mechanisms of resistance associated with firstgeneration EGFR-TKIs. AZD9291 (osimertinib), a potent drug for both EGFR-TKI sensitizing and T790M resistance mutations, displayed greater efficacy than platinum therapy plus pemetrexed in T790M-positive advanced NSCLC. 9 In our case, the patient was switched to AZD9291 upon T790M detection, and significant response was achieved.
The most frequent mechanisms in addition to EGFR T790M are the activation of other receptor tyrosine kinases, including ALK (totally 29% in T790M-patients), RAS/ MEK/ERK pathway (totally 17%), as well as PIK3CA/AKT/ mTOR pathway (totally 20%). Genetic spectrums between EGFR T790M+ and T790M-groups showed that the EGFR T790M+ group did not possess any mutations in genes such as KRAS, ALK, and PIK3CA. 10 There was another prospective study of 155 patients in which the most commonly observed mechanism of resistance was EGFR T790M, and tumor biopsy at the time of clinical acquired resistance to EGFRTKIs displayed a spectrum of mechanisms, with rare overlap (4%) among mechanisms; the coexistence of T790M and PIK3CA mutations was not observed.
11 Therefore, the case we have reported may be the first one with a dual resistance mechanism: PI3K/Akt/mTOR pathway amplifications and T790M mutation.
Several studies recently discovered that ALK rearrangement and EGFR mutation may coexist in the same tumor, with an incidence rate of 1.3% in patients with NSCLC in China. It is necessary to obtain genetic information from biopsy or liquid biopsy (ctDNA) prior to the treatment and during the disease course, as this can guide treatment options and help detect resistance to treatments. In order to deliver an appropriate first-line treatment regimen, detection of EGFR mutation and other gene alterations is recommended as routine genetic profiling for nonsquamous NSCLC. Only EGFR gene mutation detection is not enough prior to the treatment, because it is hard to find out details regarding newly acquired resistant mechanisms solely from posttreatment results due to the lack of comprehensive genetic information.
Tissue biopsies, the gold standards for mutation genotyping, often are not accessible, especially in advanced NSCLC patients who have progressed on prior treatments. Furthermore, tissue biopsy cannot reflect tumor heterogeneity due to its spatial and temporal snapshot nature. Use of ctDNA to detect activating mutations provides a promising diagnostic approach if tumor tissue is not accessible. Plasma ctDNA may overcome time and space heterogeneity, having the potential to reflect tumor heterogeneity. The ASSESS study suggested that detection of EGFR mutations in plasma was significantly more likely when patients had a higher metastatic tumor burden and distant metastases. 13 In our case, the patient had multiple lesions in both lungs, liver, and bone, which may have different genetic alterations. Therefore, liquid biopsy is a better approach to overcome spatial heterogeneity. We recommend that ctDNA analysis should be performed at the same time as a tissue biopsy is ordered if available/feasible, as each provides complementary information.
To the best of our knowledge, this is the first report of the coexistence of PIK3CA/Akt1/mTOR pathway activation and T790M mutation in a patient with EGFR mutation. This unique case highlights the feasibility and necessity of using NGS and ctDNA multiplex genomic profiling in identifying molecular diagnosis of NSCLC or in the exploration of the underlying resistance mechanisms of targeted treatments.
Further well-designed studies to assess its true effectiveness as well as criteria for eligible patient selection are warranted.
